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ABSTRACT 

T e s t s  measuring wind t u n n e l  background p r e s s u r e  f l u c t u a t i o n s  were 
conducted i n  t h e  AEDC 1 6  f t  t r a n s o n i c  wind t u n n e l .  The o b j e c t i v e  of 
t h e s e  t e s t s  was t o  o b t a i n  d a t a  t h a t  can b e  used t o  c o r r e c t  S a t u r n  V t e s t  
d a t a  o b t a i n e d  i n  t h i s  f a c i l i t y .  The model and i n s t r u m e n t a t i o n  were f a b r i -  
c a t e d  and i n s t a l l e d  by MSFC personne l .  The d a t a  r e d u c t i o n  is  b e i n g  per-  
formed by C h r y s l e r  p e r s o n n e l .  This  r e p o r t  d e s c r i b e s  t h e  p r e l i m i n a r y  d a t a  
r e d u c t i o n  which. is conf ined  t o  t h e  ampl i tudes  of t h e  p r e s s u r e  f l u c t i o n s .  
F u t u r e  d a t a  r e d u c t i o n  w i l l  de te rmine  t h e  f requency c h a r a c t e r i s t i c s  of t h e s e  
f l u c t u a t i o n s .  
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1.0 INTRODUCTION 

P r i o r  t o  t h i s  decade t h e  unsteady f o r c e s  t h a t  a c t  on a i r c r a f t ,  m i s s i l e s ,  
and space  v e h i c l e s  were genera l ly  ignored.  This  was permiss ib le  because of 
t he  l a r g e  s a f e t y  f a c t o r s  t h a t  were previous1.y i n  use.  These l a r g e  s a f e t y  
f a c t o r s  were d i c t a t e d  by the  gene ra l  l a c k  of refinement i n  t h e  methods of aero- 
space engineer ing.  However, ever  i n c r e a s i n g  p r e c i s i o n  i s  being r equ i r ed  i n  t h e  
methods of aerospace engineer ing.  This  i s  caused by the  fo l lowing  f a c t o r s :  

The l a r g e  c o s t  of t h e  a i r c r a f t ,  missiles, and space  veh ic l e s  t h a t  
a r e  b u i l t  today precludes t h e  e a r l i e r  procedures of t r i a l  and e r r o r .  

The competi t ive n a t u r e  of t h e  aerospace f i e l d  r e q u i r e s  improvements 
i n  performance. This i n  t u r n  r e q u i r e s  t h a t  a l l  v a r i a b l e s  i n  t h e  
system be  optimized. 

* Commercial t r a n s p o r t s  now ca r ry  l a r g e  numbers of people  and space 
v e h i c l e s  a r e  now manned. These cons idera t ions  demand s teady  
improvements i n  s a f e t y .  

The inc reases  i n  design p r e c i s i o n  imply t h a t  t h e  unsteady aerodynamic 
f o r c e s  must be  e s t a b l i s h e d  e a r l y  i n  t h e  development program. This e s t a b l i s h e s  
a  b a s i s  f o r  des ign ing  t h e  s t r u c t u r e  s o  t h a t  i t  w i l l  wi ths tand  t h e  dynamic load- 
i ng  and y e t  n o t  be  excess ive ly  heavy. The need f o r  unsteady aerodynamic d a t a  is  
accented by t h e  f a c t  t h a t  t h e  s t r u c t u r e s  t h a t  a r e  c u r r e n t l y  being b u i l t  a r e  
l a r g e r  than those  t h a t  were f a b r i c a t e d  s e v e r a l  yea r s  ago. The s k i n  of t he se  
s t r u c t u r e s  i s  about t h e  same th ickness  a s  those  used wi th  t he  sma l l e r  a i r c r a f t ,  
missiles, and space v e h i c l e s .  This combination r e s u l t s  i n  f l e x i b l e  s t r u c t u r e s  
t h a t  are h ighly  responsive t o  unsteady aerodynamic e x c i t a t i o n s .  

The unsteady aerodynamic phenomena t h a t  must be determined i n  o rde r  t o  
des ign  a i r c r a f t ,  missiles, and space v e h i c l e s  a r e  b r i e f l y  descr ibed  below: 

Boundary Layer Turbulence 

This phenomena can cause f a t i g u e  f a i l u r e s  and can s a t u r a t e  c o n t r o l  
sensors .  The no i se  generated by turbulence ,  e s p e c i a l l y  j e t  t u r -  
bulence,  can cause discomfort o r  i n j u r y  t o  man. Reducing t h e  t u r -  
bu l en t  flow a r e a  by ex t end ing - the  laminar flow regime w i l l  a l s o  
reduce drag.  

Panel  F l u t t e r  

Panel  f l u t t e r  can r e s u l t  i n  both d i r e c t  s t r u c t u r a l  f a i l u r e  and 
f a t i g u e  f a i l u r e s ,  

This type of f l u t t e r  can a l s o  r e s u l t  i n  d i r e c t  s t r u c t u r a l  f a i l u r e  
and f a t i g u e  f a i l u r e .  



This mode of b u f f e t i n g  can r e s u l t  i n  s t r u c t u r a l  f a i l u r e .  

Transonic Buf fe t ing  

Transonic b u f f e t i n g  can c~ause any of t he  problems mentioned above. 

Ground Wind O s c i l l a t i o n s  

Ground winds cause s t r u c t u r e s  t o  o s c i l l a t e .  This problem i s  
p a r t i c u l a r l y  acu te  wi th  m i s s i l e s  and space veh ic l e s  which can be 
blown over.  

The unsteady aerodynamic loads  must be e s t ab l i shed  by experimental t e s t -  
ing ,  because t h e o r e t i c a l  procedures have not  been per fec ted  t h a t  a r e  adequate 
f o r  e s t a b l i s h i n g  t h e  veh ic l e  design requirements.  Wind tunnel  t e s t s  have been 
found t o  be  gene ra l ly  t he  most s a t i s f a c t o r y  means of determining the  f l u c t u a t -  
ing  p re s su re  environment. However, v i r t u a l l y  a l l  wind tunnels  were designed 
be fo re  t h e  time t h a t  the  need f o r  unsteady aerodynamic t e s t i n g  was recognized. 
Thus, l i t t l e  o r  no at tempt  was made t o  minimize t h e  background pressure  f l u c t u -  
a t i o n s  t h a t  a r e  i nhe ren t  i n  f l u i d  flow processes .  

Severa l  i n v e s t i g a t o r s  have measured f l u c t u a t i o n s  i n  subsonic,  t r anson ic ,  
and supersonic  wind tunnels .  Mahinder S .  Uberoi conducted a  s tudy i n  a  sub- 
son ic  wind tunnel  on the  behavior  of turbulence a s  i t  passes  from t h e  s t i l l i n g  
chamber through t h e  t h r o a t  of t h e  tunnel .  This s tudy i s  described i n  Refer- 
ence 1. The wind tunnel  had t h e  blower downstream of t he  t e s t  s e c t i o n  and 
used an  open r e t u r n .  V i r t u a l l y  a l l  of t h e  d a t a  was obtained wi th  h o t  wi re  
anemometers. Based on h i s  s tudy ,  Uberoi s t a t e s ,  "Turbulent v e l o c i t y  measure- 
ments show t h a t  i n  abso lu t e  magnitudes, t he  long i tud ina l  component decreases  
and t h e  l a t e r a l  component i nc reases  a s  t h e  flow a c c e l e r a t e s  through t h e  con- 
t r a c t i o n . "  He found t h a t  tu rbulence  from the  blower was being propagated 
through t h e  open loop and i n t o  t h e  t e s t  s ec t ion .  This was e l imina ted ,  o r  
s t a b i l i z e d ,  by i n s t a l l i n g  a  honeycomb i n  t h e  s t i l l i n g  chamber. It was a l s o  
found t h a t  sound waves generated by t h e  blower were being r ad ia t ed  up s t ream 
t o  t h e  t e s t  s ec t ion .  This conclusion was based on the  f a c t  t h a t  a  c o r r e l a t i o n  
c o e f f i c i e n t  of 0.9 was computed from t h e  measurements of v e l o c i t y  f l u c t u a t i o n s  
ac ros s  the  t e s t  s e c t i o n .  Uberoi extends h i s  r e s u l t s  by s t a t i n g ,  "For super- 
s o n i c  nozz les ,  elementary cons idera t ions  show t h a t  the  e f f e c t s  of i nc rease  i n  
t he  mean speed and decrease i n  dens i ty  a r e  both b e n e f i c i a l  i n  reducing t h e  
flow i r r e g u l a r i t i e s .  " 

Tes t s  were conducted by Mark V.  Morkovin i n  the  continuous supersonic  
wind tunnel  a t  Johns Hopkins Univers i ty ,  These t e s t s  a r e  descr ibed i n  Ref- 
erence 2 .  A l l  t e s t s  were a t  Mach 1.76. He considers  t h r e e  f l u c t u a t i o n s  
modes : 

"Sound mode ( v a r i a t i o n  of p re s su re ,  dens i ty ,  and temperature) .  



. Entropy mode ( v a r i a t i o n  of entropy,  d e n s i t y ,  and temperatures) .  

. V o r t i c i t y  mode (Var ia t ion  of t he  s inuso ida l  component of the  
v e l o c i t y  f i e l d  which i s  known a s  turbulence a t  incompressible  
speeds) .  " 

He s t a t e s  t h a t ,  "The entropy and v o r t i c i t y  modes a r e  e s s e n t i a l l y  con- 
vected along s t reaml ines  so  t h a t  i n  a  supersonic tunnel  they must be t race-  
ab l e . . .  t o  condi t ions  i n  t he  s t i l l i n g  chamber." He f u r t h e r  s t a t e s  t h a t ,  
I I The sound d is turbances  can t r a v e l  ac ros s  s t reaml ines  so t h a t  they come from 
t h e  s e t t l i n g  chamber and from t h e  boundaries of t he  t e s t  sectj-on." 

Morkovin then  c l a s s i f i e d  the  sound f l u c t u a t i o n s  o r i g i n a t i n g  a t  t h e  wal l  
i n t o  f o u r  types : 

a. "Radiation from nascent  tu rbulence . . .  

b ,  Radiat ion from developed tu rbu len t  boundary l aye r s .  

c .  D i f f r a c t i o n  and s c a t t e r i n g  of otherwise s teady p re s su re  g rad ien t s  
and shock waves (as  generated by nozzle  contours unintended waviness 
o r  roughness,  models, suppor ts ,  e t c . )  through the  tu rbu len t  boundary 
l a y e r .  

d. Radiat ion from unsteady w a l l  v i b r a t i o n s  caused by p re s su re  f l uc tua -  
t i o n s  i n  t h e  boundary l a y e r  o r  by t h e  loads on t h e  d i f f u s e r  assoc ia ted  
wi th  the  unsteadiness  of t h e  te rmina l  shock wave." 

From ho t  w i r e  anomometer d a t a  he  concluded t h a t  t he  r a t i o  of t he  r m s  pres- 
s u r e  f l u c t u a t i o n s  t o  t h e  f r e e  s t ream s t a t i c  p re s su re  i s  0.2 t o  0.4.  This con- 
v e r t s  t o  a r m s  p r e s su re  c o e f f i c i e n t  of 0.00092 t o  0.00185. "For a  given w a l l  
geometry t h i s  sound of category (c )  i s  l i k e l y  t o  decrease wi th  Mach number 
[while  t h a t  of category (b) may poss ib ly  inc rease ]  . " He concludes t h a t  t h e  
f l u c t u a t i o n s  a r e  no t  convected from t h e  s t i l l i n g  chamber. For t h i s  t o  be  
s i g n i f i c a n t ,  he s t a t e s  t h a t  t h e  f l u c t u a t i o n s  i n  t he  t e s t  s e c t i o n  would have t o  
be  114 db, whereas i n  normal opera t ion  t h e  n o i s e l e v e l i n  the  s t i l l i n g  chamber 
of t h i s  continuous flow tunnel  was i n  t h e  range of 70 t o  80 db. However, during 
t h e  s t a r t i n g  process  (before  son ic  cond i t i ons ) ,  l a rge  sound l e v e l s  were p re sen t  
i n  t h e  s t i l l i n g  chamber which o r i g i n a t e d  i n  t he  d i f f u s e r .  He a l s o  concludes 
t h a t  magnitude of sound category (d) i s  un l ike ly  t o  reach t h e  i n t e n s i t y  of t h e  
sound of category ( c ) ,  i . e . ,  120-130 db. 

J. S. Murphy (References 3 and 4) conducted an e a r l y  s tudy of t h e  p re s su re  
f l u c t u a t i o n s  i n  t he  Douglas T r i son ic  One-Foot Tunnel. This i s  a  blowdown 
f a c i l i t y  wi th  a  Mach number range of 0.2 t o  1,8; Tests  were conducted aver  
t h i s  Mach number range using microphone, ho t  wi re  anemometers, and s t r a i n  gauge 
dynamic p re s su re  t ransducers .  It was concluded t h a t  t he  primary cause of t h e  
p re s su re  f l u c t u a t i o n s  i n  the  s t i l l i n g  chamber i s  a h igh- in tens i ty  sound f i e l d  



t h a t  o r i g i n a t e d  i n  t he  neighborhood ~f t he  cont ro l  valve.  A sound-absorbent  
muff le r  was designed, b u i l t ,  and i n s t a l l e d  i n  t he  s t i l l i n g  chamher, A t  Mach 
1 . 0  i t  reduced t h e  va lue  of t he  ms pressure  c o e f f i c i e n t  i n  the  t e s t  section 
from 0.058 t o  0.022. The reduct ion  i n  t he  r a t i o  of t he  s t i l l i n g  cllamber r m s  
s t a t i c  p re s su re  t o  s t agna t ion  pressure  is  from 0,025 t o  0.005. This  proved 
t h a t  a  Large po r t ion  of t he  f1uc tua t ions  i n  t he  t e s t  s e c t i o n  a r e  caused by 
f l u c t u a t i o n s  e i t h e r  i n  t he  en t rance  t o  t h e  s t i l l i n g  chamber o r  upstream of 
i t .  

John Laufer conducted a s tudy i n  15461 of t he  f l u c t u a t i o n  l e v e l s  i n  t he  
18  x 20 i n .  supersonic wind tunnel  a t  t he  J e t  Propulsion Laboratory. Ref- 
e rence  5 descr ibes  t h i s  s tudy .  This i s  a  closed c i r cu i t , con t inuous  wind 
tunnel  wi th  s o l i d  wa l l s  i n  t he  t e s t  s ec t ion .  The t e s t s  were conducted over 
t h e  Mach number range of 1 , 6  t o  5.0. V i r t u a l l y  a l l  da t a  was obtained wi th  a  
h o t  w i re  anemometer. Veloci ty f l u c t u a t i o n s  measured i n  t h i s  manner were 
used t o  compute the  t e s t  s e c t i o n  s t a t i c  p re s su re  f l u c t u a t i o n s .  This r e s u l t e d  
i n  a  computed va lue  of t he  r m s  p r e s su re  c o e f f i c i e n t  of 0.0009 a t  a Mach number 
of 1 .6.  It was concluded t h a t  t h e  source of the  f l u c t u a t i o n s  i s  the  tu rbu len t  
boundary l a y e r  on the  t e s t  s e c t i ~ n  wa l l s .  Laufer s t a t e s  t h a t  t he  Reynolds 
number of t h e  tunnel  was lowered t o  t he  po in t  t h a t  t h e  boundary l a y e r  on the  
w a l l s  was laminar.  This caused the  f l u c t u a t i o n  l e v e l  i n  the  t e s t  s e c t i o n  t o  
drop by an order  of magnitude. 

P .  A. I r a n i  and K. Sr idnor  Iya  (Reference 6) surveyed the  genera l  problem 
a r e a  of aerodynamic no i se .  Their  o b j e c t i v e  was t o  e s t a b l i s h  a  r a t i o n a l  b a s i s  
f o r  reducing t h e  n o i s e  l e v e l  i n  t he  t r i s o n i c  wind tunnel  a t  t h e  National  Aero- 
n a u t i c a l  Laboratory, Bangalore, Ind ia .  Of s p e c i a l  i n t e r e s t  i s  t h e i r  desc r ip t ion  
of t h e  n o i s e  reduct ion  program conducted by R. Westley of the  National  Aero- 
n a u t i c a l  Establ ishment ,  Ottawa, Canada. Westley's ob jec t ive  was t o  reduce t h e  
f l u c t u a t i o n  l e v e l  i n  t h e  NAE 5 x 5 f t  t r i s o n i c  wind tunnel .  This i s  a  blowdown 
tunnel  wi th  a  Mach number range of 0 .2  t o  4 .5 .  A s c a l e  inodel of t h i s  tunnel  
was b u i l t  wi th  a  5 x 5 i n .  t e s t  s e c t i o n .  S t i l l i n g  chamber p re s su re  f l u c t u a t i o n s  
measuring M.023 of t he  s e t t l i n g  chamber s t a t i c  pressure  were obta ined ,  This 
converts  to an approximate va lue  of 0.016 f o r  t he  r a t i o  of t h e  nns s t a t i c  pres-  
s u r e  t o  t h e  s t agna t ion  pressure .  Dynamic p re s su re  t ransducers  were used t o  
measure t h e  t e s t  s e c t i o n  p re s su re  f l u c t u a t i o n s .  These measurements r e s u l t e d  
i n  a r m s  p r e s su re  c o e f f i c i e n t  of 0.038. Externa l  micorphone measurements were 
made above t h e  wind tunnel .  The l a r g e s t  no i se  l e v e l s  were measured near  t h e  
c o n t r o l  va lve  and near  t he  d i f f u s e r  shock wave. A t  a  Mach number of 1.17, 
no i se  l e v e l s  of approximately 110 db were measured a t  both loca t ions .  

J .  S .  Murphy, D.  A. Bies ,  and W. W .  Speaker (Reference 7) conducted s t u d i e s  
of boundary l a y e r  no i se  i n  t h e  previous ly  descr ibed Douglas T r i son ic  One-Foot 
tunnel .  A 26,000 cu £"Lank was connected p a r a l l e l  t o  t he  8,090 cu f t  r e s e r v o i r  
of t h e  tunnel .  This f a c i l i t a t e d  t h e  opera t ion  of t he  tunnel  by maintaining the  
r e s e r v o i r  p re s su re  a t  t he  tunnel  s t agna t ion  pressure .  There was no choked flow 
through a  c o n t r o l  va lve  with i t s  a s soc i a t ed  s t i l l i n g  chamber f l u c t u a t i o n s .  The 
s t a g n a t i o n  p re s su re  reduces s l i g h t l y  during tunnel  opera t ion .  However,satis- 
f a c t o r y  t e s t  condi t ions  of 15 s e c  were obtained.  The au thors  s t a t e ,  "The modi- 
f i c a t i o n  of t h e  blowdom wind tunnel ,  enabl ing  opera t ion  wi th  s t a g n a t i o n  p re s su re  
equal  t o  r e s e r v o i r  pressure ,  produced a  f a c i l i t y  which has  s a t i s f a c t o r y  charac te r -  
i s t i c s  (low background no i se  l e v e l )  t o  enable  boundary l a y e r  no i se  t o  be  measured 



over t h e  Mach range 0.4 i - M.< - 3.5 I n  a s i n g l e  experimental  arralagement." 
Unfortunately,  no comparative d a t a  i s  given t o  show how triuctl ( i f  arty) re- 
duc t ion  is  achieved i n  t he  p re s su re  f l u c t u a t i o n s  i n  t h e  t e s t  secz ion ,  

Hartmut Bossel conducted a  dynamic i n v e s t i g a t i o n ,  which i s  descr ibed 
i n  Reference 8, of the  Hess 6 i n .  supersonic wind tunne l ,  This i s  a con- 
t inuous ,  closed-cycle tunnel  with a  IvIach number raEge of 1 .8  t o  2 . 8 ,  Tests  
were conducted wi th  dynamic p re s su re  t ransducers  i n  t he  c e s t  s e c t i o n .  He 
found t h a t  i n  t he  t e s t  s e c t i o n  "The mean f l u c t u a t i o n  from t h e  mean w a l l  s t a t i c  
p re s su re  was about 0.3% a t  Re = 4 x 105/ in."  a t  Mach number 2 .4 ,  This corre-  
sponds t o  a  r m s  p ressure  c o e f f i c i e n t  of approximately 0.00075. Spectrum 
a n a l y s i s  showed peaks a t  about 260 and 10,000 cps.  Observations were made 
i n  t h e  s t i l l i n g  chamber of t he  flow fol lowing the  l a s t  sc reen .  Here e r r a t i c  
jumps occurred i n  t he  flow d i r e c t i o n  of 15 degrees wi th  a  frequency of about 
5  cps.  

Modif icat ions were made i n  t he  s t i l l i n g  chamber. The f i n a l  sc reen  was 
removed and a  3 i n ,  t h i c k  honey comb sc reen  was i n s t a l l e d .  Tne s t i l l i n g  
chamber flow channel su r f aces  were smoothed. The s t a t i c  p re s su re  f l u c t u a t i o n s  
were no longer  measurable. Hot w i re  measurements showed t h a t  the  l a r g e  low 
frequency d is turbances  disappeared.  Ari a d d i t i o n a l  modi f ica t ion  was made t o  
t he  tunnel .  It cons is ted  of removing a  po r t ion  of t he  boundary l a y e r  by suc- 
t i o n  p r i o r  t o  the nozzle  t h r o a t .  Hot wi re  anemometer t e s t s  were then conducted. 
The suc t ion  was found t o  be b e n e f i c i a l  a t  high Reynolds numbers and de t r imen ta l  
a t  low Reynolds numbers. 

A s idewa l l  c a l i b r a t i o n  of t he  AEDC 16 ft t r anson ic  tunnel  was conducted by 
t h e  Mart in  Company during a  6 percent  T i t an  111 B Agena model t e s t .  This  c a l i -  
b r a t i o n  is  described i n  Reference 9 .  Two pressure  microphones were loca t ed  on 
t h e  wind tunnel  s idewa l l s .  Both microphones were loca ted  upstream of t h e  porous 
tunne l  wa l l s .  The d a t a  from these  microphones were presented  a s  sound p re s su re  
l e v e l  versus  frequency. I n  a d d i t i o n ,  C .  D, Riddle conducted cone c a l i b r a t i o n  
t e s t s  i n  t he  AEDC 16 f t  t r anson ic  and 16 f t  supersonic wind tunnels .  A descr ip-  
t i o n  of t h i s  c a l i b r a t i o n  is given i n  Reference 10. The t e s t s  i n  t he  t r anson ic  
tunnel  covered the  Mach number range of 0.6 t o  1.4;  supersonic  tunnel  d a t a  en- 
compassed t h e  Mach number range of 1 . 8  t o  3.1. The c a l i b r a t i o n  device cons is ted  
of a lo0  apex angle cone. Two dynamic sensors  (a  t ransducer  and a  microphone) 
were loca t ed  long i tud ina l ly  ad j acen t  t o  each o ther  a t  t h r e e  body s t a t i o n s .  The 
r m s  p ressure  c o e f f i c i e n t  from these  t e s t s  reached a  maximum of 0.028 a t  Mach 
number 0.78. Below Mach number 0.70 and above Mach number 0.85 the  r m s  pres-  
s u r e  c o e f f i c i e n t  i s  l e s s  than 0.016. 

Data from both of these  t e s t s  were reduced i n  terms of power s p e c t r a l  
d e n s i t i e s  by t h e  au thors .  Reference 11 gives t h i s  reduced d a t a .  Examination 
of t hese  power s p e c t r a l  d e n s i t i e s  r evea l s  a  l a r g e  concent ra t ion  of f l u c t u a t i o n s  
a t  f requencies  between 500 and 600 cps i n  t he  low t r anson ic  Mach number regime. 
This  f l u c t u a t i o n  concent ra t ion  reaches a  maximum a t  Mach number 0.75 and de- 
c r eases  both below and above t h i s  Mach number. Above the  s o n i c  Mach number t he  
f l u c t u a t i o n  concent ra t ion  e s s e n t i a l l y  d isappears .  The frequency composition 
remains v i r t u a l l y  cons tan t  wi th  varying Mach number. Fu r the r  examination of 



tile reduced d 3 t a  s~lows t h e :  a concentrai-lo11 ~ 9 f  f l u i  t u a t 4  criki occ  uzs I > ~ t w e e n  
ar3proaairt~abely 1800 and 25rlCI c p s ,  B s t i i  cone2 and s i a e t ~ a l l  calihz.aticsn $at2 
indicate t h a ~   din conce,z t ra t ion of f ! r i r t u ~ t ~ ~ > n s  -Is ;i functi irr i  of P Math ilum- 
bear heewclcn tlach number 0 , 7 5  and Efiaarii r ~ u m b e r  1,30, 

' i ' czs t s  were corldracted by J, A ,  b ,  W i l l s  in a l o w  speed (160 f t / s e c  max), 
ot7en c a r s u i t ,  15 x 10 i n ,  c r o s s  s e c t i o n  ~ i n d  t u n n e l ,  lie d e s c r i b e s  t h e s e  t e s t s  
i n  Ref e r a c e  1 2 ,  He t t - t e s r t z ~ d  t h a t ,  "The co~nbrfnat io i~ oi' rapidly-growing bound- 
a r y  l a y e r s  arid comparat ively  h i g h  speeds  ( i n  t h e  ~ ; o n i c  d i f f u s e r )  produces  in -  
t e n s e  Low-frequency f l u c t u a t i o n  whicla p ropaga te  back through t h e  working s e c t i o n  
a s  sound waves." We o p e r a t e d  the  t u n n e l  w i t h o u t  t h e  dt fEuaer  and observed t h a t  
t h e  low frequency f l e l c t u a t i o a ~ s  i n  the  t e s t  s e c t i o n  , .ere g r e a t l y  reduced.  Th is  
s u b s t a n t i a t e d  h i s  l iypo tk~es i s  . 

J, M, Chr i s tophe  and J ,  M, Loniewski conducted t e s t s  i n  t h e  % r a n s o n i c  t e s t  
s e c t i o n  of t h e  5-2 wind t u n n e l  of t h e  Modane (France)  ONEPA t e s t  c e n t e r .  Ref- 
e r e n c e  l 3  i n c l u d e s  t h e  r e s u l t s  of t h e s e  t e s t s .  Th i s  f a c i l i t y  i s  a  c l o s e d  c i r c u i t ,  
con t inuous  wind t u n n e l  w i t h  a 6 x 6 f t  c r o s s  s e c t j o r i ,  The t r a n s o n i c  c i r c u i t  
rovecs  a Maeta number range  of 0-2 t o  1 . 3 .  F l u c t u a t i o n s  occur  i n  t h e  t e s t  s e c t i o n  
between Mach nurnber 0,62 and 0 , 9 1 .  The f requency of t h e s e  f l u c t u a t i o n s  decreased  
as t h e  Mach nurnber i n c r e a s e d  from 0.56 t o  8.8, 

The o b j e c t i v e  of t h e s e  t e s t s  was t o  e s t a b l i s h  t h e  s o u r c e  of t h e  500-700 
cps  c a ~ ~ ~ ~ r i c  p e r t u r b a t i o n s .  It  was found t h a t  t h e r e  were  rro f l u c t u a t i o n s  i n  t h e  
s t i l l i n g  chamber. Changing t h e  second t h r o a t  had no e f f e c t  on t h e  t e s t  s e c t i o n  
f l u c t u a t i o n ,  and a l t e r i n g  t h e  plenum chamber volbtrne had on ly  a  secondary e f f e c t  
on t h e  f l u c t u a t i o n s .  ' f i e  i n v e s t i g a t o r s  found t h a t ,  "Using a  t a p e  t o  cover  com- 
p l e t e l y  t h e  p e r f o r a t i o n s  of t h e  upper and lower w a l l s  l e d  t o  t h e  e l i m i n a t i o n  of 
t h e  p e r t u r b a t i n g  f r e q u e n c i e s  a s  evidenced s imul taneous ly  by t h e  a n a l y z e r  and by 
t h e  change i n  n o i s e  from t h e  wind t u n n e l , "  The f l u c t u a t i o n s  were n o t  i n f l u e n c e d  
by v a r i a t i o n s  i n  t h e  p e r m e a b i l i t y  ( o r  p o r o s i t y )  of t h e  l a t e r a l  w a l l s .  The 
a u t h o r s  conclude t h a t  t h e  f l u c t u a t i o n s  i n  t h i s  tunnel. can b e  e l i m i n a t e d  by 
sett-iarg t h e  upper and lower w a l l s  bettreen 0 and 0 ,05% p e r m e a b i l i t y .  

Chrysles  BuntsviPd_e Opera t ions  conducted t e s t s  i n  t h e  M a r s h a l l  Space 
F l i g h t  Center 1 4  i n .  t r i s o n i c  ~ 2 n d  t u n n e l ,  ' f iese t e s t s  a r e  d e s c r i b e d  i n  
Reference 1 4 ,  T h i s  i s  a blowdown t u n n e l  w i t h  I n t e r c h a n g e a b l e  t r a n s o n i c  and 
s u p e r s o n i c  t e s t s  sec t l ans ,  The t r a n s o n i c  test  s e c t i o n  has  a Mach number 
range of 0,2 %;o 2 , 5 ,  and %he s u p e r s a n l c  test  s e c t i o n  o p e r a t e s  from Mach 
2 , 7 5  t o  5 .0,  The f a c i l i t y  c o n s i s t s  sf  a  compressor,  h i g h  p r e s s u r e  s t o r a g e  
rank, c o n t r o l  v a l v e ,  s t i l l i n g  chamber w i t h  a  h e a t  exchanger t e s t  s e c t i o n ,  
d i f f l a s e r ,  and a tmospher ic  exhaus t  tower ,  The t r a n s o n i c  t e s t  s e c t i o n  plenum 
i s  no-mal1y connected t o  vacuam tanks .  

-- 
The exper imenta l  prograar conducted ky  C h r y s l e r  was unique i n  two ways. 

I t  made u s e  s f  e x t e n s i v e  i n s t r u n r e n t a t i o n ,  i n c l u d i n g  t r a n s d u c e r s  l o c a t e d  j u s t  
down. atseam of t h e  c o n t r u %  valve, d o ~ m  s t ream of t h e  s t i l l i n g  chamber, on t h e  
test  sec t ion  w a l l ,  on t h e  t e s t  s e c t i o n  c a l i b r a t i o n  rrrodel, i n  t h e  d i f f u s e r ,  



a ~ l n o s p h e r i c  exhaus t  tower ,  and i n  t h e  yacuum t a n k s ,  An n ~ ~ e l e r o n ~ e i e r  was 
l o c a ~ e d  on t h e  porous w a l l s ,  The second unique faccor  w a s  based on t h e  f a c t  
t h a t  t h e  Marsha l l  Space F l i g h t  Center  1 4  x 14 i n ,  r r i s s n % c  wi i rd  c u m e l  can b e  
opera ted  i n  v a r i o u s  c n n f i g u r a l i o n s ,  T h i s  f j e x i b i l i t y  of  o g e r a t i n g  modes i s  
i d e a l l y  s u i t e d  t o  i d e n t i f y i n g  t h e  s o u r c e s  of t e s t  s e c t i o n  f l u c s ~ ~ a t i o n s .  T e s t s  
were conducted w i t h  b a t h  t h e  t r a n s o n i c  and s u p e r s o n i c  test s e c t i o n s ,  These 
r e s u l t s  g i v e  a cornpa~ison  of t h e i r  i n f l u e n c e  on filuctuaticxa l e v e l s .  T e s t s  
were conducted w i t h  t h s  t r a n s o n i c  t e s t  s e c t i o n  us ing  s o l i d  as w e l l  a s  porous 
w a l l s .  T e s t s  were a l s o  conducted us ing  v a r i o u s  p o r o s i t y  s e t t i n g s .  Th i s  ind i - -  
c a t e d  t h e  e f f e c t  of p o r o s i t y  on t e s t  s e c t i o n  f l u c t u a t i o n s .  T e s t s  were con- 
ducted w i t h  t h e  h i g h  p r e s s u r e  system and t h e  v a l v e  d i sconnec ted  from t h e  s t i l l -  
i n g  chamber. I n  t h i s  c o n f i g u r a t i o n  t h e  t u n n e l  was d r i v e n  by t h e  vacuum tanks .  
This  gave a n  i n d i c a t i o n  of t h e  e f f e c t s  of t h e  v a l v e  f l o w  and i t s  a s s o c i a t e d  up- 
s t ream t u r b u l e n c e  on t h s  t e s t  s e c t i o n  f l u c t u a t i o n s ,  T e s t s  were conducted w i t h  
t h e  s t i l l i n g  chamber ren~oved from t h e  f a c i l i t y ,  Again t h e  t u n n e l  was powered 
by t h e  vacuum tanks .  This  showed t h e  e f f e c t s  of t h e  s t i l l i n g  chamber on t h e  
f l u c t u a t i o n s ,  These combinat ions  of wind t u n n e l  components show t h e  i n f l u e n c e  
of porous  w a l l s ,  upstream t u r b u l e n c e ,  and t h e  d i f f u s e r  f low on t h e  t e s t  s e c t i o n  
f l u c t u a t i o n s .  

The r e s u l t s  of t h i s  e x p e r i m e n t a l  program i n d i c a t e  t h a t  t h e  l a r g e s t  f l u c t u -  
a t i o n s  occur  i n  t h e  t r a n s o n i c  regime,  The l a r g e s t  component of t e s t  s e c t i o n  
n o i s e  c o n s i s t  of a  f l u c t u a t i o n  c o n c e n t r a t i o n  t h a t  v a r i e s  from 6,000 t o  12,000 
c p s ,  depending on t h e  p a r t i c u l a r  o p e r a t i n g  c o n d i t i o n s  of t h e  wind t u n n e l .  Th i s  
f l u c t u a t i o n  i s  g e n e r a t e d  by t h e  porous w a l l s ,  The upstream t u r b u l e n c e  appar-  
e n t l y  h a s  a  s t r o n g  i n f l u e n c e  on t h e  g e n e r a t i o n  of t h e s e  f l u c t u a t i o n s .  Th is  
6,000 t o  12,000 cps f l u c t u a t i o n s  has  i t s  c o u n t e r  p a r t  i n  t h e  16 f t  t r a n s o n i c  
wind t u n n e l  a t  AEDC and t h e  5 f t  t r i s o n i c  wind t u n n e l  a t  ONERA i n  France.  The 
ampl i tude  of t h e  o v e r a l l  f l u c t u a t i o n  l e v e l  i n  t h e  MSPC 1 4  i n .  t r a n s o n i c  test  
s e c t i o n  compares f a v o r a b l y  w i t h  t h a t  measured i n  t h e  AEDC wind t u n n e l  and w i t h  
t h a t  i n  t h e  Douglas 1 f t  t r i s o n i c  t u n n e l  and i n  t h e  NAE 5 f t  t r a n s o n i c  t u n n e l ,  



2 ,O WIND TUNTILT TEST T'AC'CLETlAAN S C r  X': ,JI;I,I_ 

2-1 TESTFACILITY 

The AEDC 16 Ft t r a n s o n i c  s~ i i ld  t u n n e l  cap oporai-P froin Mach n u ~ l l ? r r s  o f  O , 5  
t o  I ,  6 .  "i'he Nach 11umb~?r i s  c o n c i n u ~ ~ s l y  -\TaLiable ove l  t h i s  iarrge. ';his tunne l  
i s  equipped w i t h  f i x e d  p o r o s i t y  c ia l l s ,  The p o r o s i t y  7 s C ' 0 %  of t h e  r r a l l  a r r a .  
Removable p l a t e s  a r e  provided f o r  viecging of t h e  rnndel under t e s c  c o n d i t i o n s .  
S t a g n a t i o n  p r e s s u r e s  up t o  28 p s i  can be achieved und;.r most t e s t  cond i t ;ons ,  
T h i s  w i l l  p r o v i d e  Reynolds ni~mbers of 11p t o  8 , 4  m i l i i o n  ~aiider n o s t  t e s t  ron- 
d i t i o n s ,  A d d i t i o n a l  i l i format ion concerning t h e  AEDC 1 6  f t  Lransonic t u n n e l  
can b e  found i n  Refe rence  1 5 ,  

2,2 TEST SCHEDULE 

The s c h e d u l e  of  t h e  tes' i s  shewn i n  F i g u r e  1, The AEDG 16 E t  t u n n e l  
l e s t  schedu le  i s  o rgan ized  t o  y i e l d  a s  much comparat ive  d a t a  b e t t z r e n  t h e  AEDC 
1 6  f t  t u n n e l  and t h e  MSFC 1 4  i n ,  t u n n e l  as p o s s i b l e ,  \ .herever p o s s i b l e ,  bo th  
u n i t  Rey~aolds number (Reynolds nun~ber p e r  f o o t )  and Local Reynolds number were 
matched between t h e  AEDC and MSPC t e s t  s c h e d u l e s ,  Some test c o n d i t i o n s  a r e  
inc luded  t h a t  match t h o s e  used by o-ih2r i n v e s t i g a t o r s  who have conducted acous- 
t i c  t e s t s  $n t h i s  t u n n e l .  T e s t  p o i n t s  t h a t  match some of t h i s  t e s t  d a t a  were 
a l s o  i n c l u d e d ,  The t e s t  i s  a l s o  a r ranged  t o  p rov ide  in format ion  concerning 
t h e  i n t e r r e l a t i o n s h i p  between p r e s s u r e  f l u c t u a t i o n s  i n  v a r i o u s  s e c t i o n s  of t h e  
wind t u n n e l ,  The e f f e c t s  of Mach number, s t a g n a t i o n  p r e s s u r e ,  s t a g n a t i o n  tern- 
p e r a t u s e ,  t u n n e l  d i f f u s e r ,  t u n n e l  compressor,  and s c a l i n g  on t h e  background 
p r e s s u r e  f l u c t u a t i o n  were  i n v e s t i g a t e d .  



F I G U R E  1, AEDC 16 FT, W I N D  TUNNEL TEST SCHEDULE 
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FIGURE 1. AEDC 16 FT, WIND TUNNEL TEST SCHEDULE 



Three types of ins t rumenta t ion  were chosen f o r  measuring the  f l u c t u a t i o n s  
i n  s t a t i c  p re s su re  i n  t he  AEDC 1 6  f t  t ransonic  wind tunnel.. A cone c a l i -  
b r a t i o n  device  was f a b r i c a t e d ,  T h e  ins t rumenta t ion  was i n s t a l l e d  on i t  and on 
the  s i d e  w a l l s  of t h i s  wind tunnel ,  

3 .1  INSTRUMENTATION FOR FLUCTUATIONS I N  STATIC PRESSURE 

A l l  f l u c t u a t i n g  pressures  a r e  recorded by th ree  types of p re s su re  t rans-  
ducers ,  These t ransducers  a r e :  

Schaevi tz  - Bytrex Corp,, Model HPD-25 

* Kul i t e  Corp,,  Model CPL-070-4 

K i s t l e r  Instrument Corp., Model 601L 

A l l  a c o u s t i c  t ransducers  were c a l i b r a t e d  us ing  a  1000 cps s i g n a l  from a Photocon 
Research Products ,  Model PC 125, c a l i b r a t o r .  Both the  Schaevitz-Rytrex Corp., 
Model HFD t ransducer ,  and t h e  Ku l f t e  Corp,,  Model CPL-070-4, t ransducer  a r e  
s t r a i n  gauge t ransducers .  A p a r t  of t h e  s t r a i n  gauge i s  loca ted  o u t s i d e  t h e  
t ransducer  a s  a  compensation module. The Tektronic ,  I n c . ,  Model RM 122, low 
l e v e l  a m p l i f i e r s  a r e  used t o  amplify the  output  of both these  t ransducers .  
The K i s t l e r  Instrument Corp., Model 601L, t ransducer  is a Quartz c r y s t a l  t r ans -  
ducer.  The K i s t l e r  Instrument Corp., Hodel 553, charge ampl i f i e r  i s  used t o  
amplify the  output  s i g n a l  of the  K i s t l e r  t ransducers .  The amplif ied t r ans -  
ducer output  is  then inpu t  t o  a  Data Control  Systems, I n c . ,  Model GOV-4, v o l t -  
age c o n t r o l l e d  o s c i l l a t o r  which converts  t h e  output  t.o a I'M s i g n a l .  The FN 
s i g n a l  i s  then recorded on one of t h e  n ine  channels of a Consolidated Elec t ro-  
dynamics Corp . , Model VR-3600, tape sys  teni. Each of t h e  n ine  channels has a  
I- 40 KC range and a FM sepa ra t ion  of 80 KC. A monitor s t a t i o n  i s  provided - 
between the  ampl i f i e r  and t h e  vo l t age  con t ro l l ed  o s c i l l a t o r s .  A Ba l l an t ine  
Labora tor ies ,  I n c . ,  Model 320A, t r u e  r m s  vo l tmeter  and a  Tektronic ,  I n c . ,  
Model 502, o sc i l l o scope  a r e  provided a t  the  tunnel  monitor s t a t i o n .  

3.2 DYNRMIC CALIBRATION CONE FOR THE AEDC 16 PT TRANSONIC TUNNEL 

I n  Reference 11 i t  was shown t h a t  s e v e r a l  types of c a l i b r a t i o n  devices  
have been used i n  wind tunnel  acous t i c  t e s t i n g .  A b r i e f  eva lua t ion  of each 
type of c a l i b r a t i o n  device is  presented - in  Reference 11. It  was shown i n  t h i s  
eva lua t ion  t h a t  the  most acceptab le  pressure  f l u c t u a t i o n  da t a  can be obtained 
from a combination of c a l i b r a t i o n  devices ,  This combination was shown to be 
a s l ende r  cone wi th  f l a t  su r f aces  f o r  mounting ins t rumenta t ion  and s idewa l l  
mounted ins t rumenta t ion .  

The AEDC dynamic c a l i b r a t i o n  cone i s  geometr ical ly  s i m i l a r  t o  t he  MSFC 
dynamic c a l i b r a t i o n  device.  The ins t rumenta t ion  t h a t  was i n s t a l l e d  was ca ab1.e 
o i  measuring f l u c t u a t i n g  pressures  i n  the  same frequency range a s  measure1  i n  
the MSFG 14 i n .  t unne l ,  Figure 2 i s  a sea led  drawing of t h i s  c a l i b r a t i o n  
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device, A s  can b e  seen ,  three d i f f e r e n t  types o f  t ransducels  w ~ r e  rlsed, 
' k e  i n s t r w ~ e n t a t i o n  loca t ion  and type are shown i n  Piguxe 2, Bytrex 
and K s l i t e  t ransducers  r e y u l r e  ven t ing ,  The a r e a  and shape of the  vent ing 
cav i ty  i s  i d e n t i c a l  wi th  t h a t  of t h e  MSPC 1 4  i n .  dynamic c a l i b r a t i o n  :one. 
The f l a t  su r f aces  of t he  cone were mounted f ac ing  t h e  upper and lower w a l l s  
sf  t he  tunnel ,  A r i n g  of t ransducers  is  provfded a t  dimensTonless model s t a -  
t i o n  0 - 7 5  t o  determine t h e  r2ng c o r r e l a t i o n ,  

3 . 3  DYNAMIC CALPBRh'EION SIDEbTALL MOUNTED INSTRmNTATION FOR THE AEDC 16 FT 
TUNNEL 

Wall mounted t ransducers  were used i n  t he  AEDC t e s t s  t o  determine the  
sources of f l u c t u a t i n g  pressures  and the  enterdependance of t he  f l u c t u a t i n g  
pressures  i n  va r ious  sec t ions  of t h e  wind tunnel .  The loca t ions  and designa- 
t i o n s  of t h e  sidewa.19. t ransducers  is  shown i n  Figure 3 .  K i s t l e r  t ransducers  
were used f o r  these  measurements. 

3.4 DATA N3DUCTION INSTRUMENTATION 

P a r t i a l  da t a  reduct ion  w a s  conducted. The schedule of t he  t ransducer  
connections t o  t h e  t ape  recorder  2s g~"ven 2n Pkgure 4.  The equipment used i n  
t h i s  d a t a  reduct ion  was shli lar  t o  t h a t  used f n  t h e  d a t a  a c q u i s i t i o n .  Tapes 
were played on a  ConsolTdated Electrodynamfcs Corp., Model VR-3600, t ape  sys- 
tem through output  vo l t age  con t ro l l ed  o s c 2 l l a t o r s .  The output  was  monitored 
and rms vo l t ages  recorded using a  Ba l l an t ine  Labora tor ies ,  Inc . ,  Model 320A, 
t r u e  r m s  vo l tmeter .  A Tekt ronic ,  Inc . ,  Model 502, o sc i l l o scope  was a l s o  used 
and a tape  monitor. 
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The d a t a  have been reduced by passing t h e  t ransducer  s i g n a l s  from the  
tape  recorder  through a roo t  mean square vo l tme te r ,  The "wind o f f "  f l u c t u a -  
t i o n s  were found t o  be l a r g e  compared wi th  d a t a  recorded during the  t e s t s .  
These "wind o f f "  f  1uctuati.ons c o n s l s t  of no i se  2n the  I n s  krumentation sys  tem 
t h a t  appears t o  be l a r g e l y  concentrated i n  t h e  60 cyc le  frequency regime. 

The t e s t  d a t a  were cor rec ted  t o  account f o r  t h i s  i l ls t rumentat ion no i se .  
This  c o r r e c t i o n  cons is ted  of sub t r ac t ing  one t h i r d  of t h e  measured va lues  of 
t h e  "wind off " f l u c t u a t i o n  from the  measured va lues  of p re s su re  f l u c t u a t i o n s  
obtained during the  t e s t s  , 

Figures  5 and 6 show the  cor rec ted  and uncorrected f l u c t u a t i o n  va lues  
t h a t  were measured wi th  a Ku l i t e  t ransducer  on t h e  c a l i b r a t i o n  cone. The 
co r rec t ed  d a t a  a r e  more compact. It shows t h a t  t h e  cor rec ted  f l u c t u a t i o n  
c o e f f i c i e n t s  range from 0,008 t o  0.024. 

Figure 7 gives a comparison between t h e  cor rec ted  d a t a  from t h i s  
t ransducer  wi th  da t a  from a bur ied  K u l i t e  t ransducer  l oca t ed  i n  t h e  ca l ib ra -  
t i o n  cone. The d a t a  from t h e  e x t e r n a l  t ransducer  a r e  t h r e e  t o  four  t imes as 
g r e a t  a s  those obtained from the bur led  t ransducer .  

F igures  8 and 9 show t h e  cor rec ted  and uncorrected f l u c t u a t i o n  va lues  
t h a t  were measured wi th  a K i s t l e r  t ransducer  l oca t ed  on the  porous w a l l s  of 
t h e  t e s t  s e c t i o n .  The cor rec ted  f luc tua t2on  c o e f f i c i e n t s  range from 0.009 t o  
0.040. These va lues  are a6out twenty f2ve percent  l a r g e r  than those obtained 
on t h e  c a l i b r a t i o n  cone. 

Figure 10 provides a comparison of t h i s  w a l l  mounted t ransducer  w i th  
a corresponding bur ied  t ransducer ,  I n  t h i s  case  t h e  f l u c t u a t i o n s  from t h e  
w a l l  mounted t ransducer  a r e  approximately one h a l f  of those obtained from t h e  
bu r i ed  t ransducer .  

Figure 11 desc r ibes  t he  f l u c t u a t i o n s  measured i n  t he  plenum chamber. 
The f l u c t u a t i o n  c o e f f i c i e n t s  range from 0.004 t o  0.016, This i s  about two 
t h i r d s  of t h e  amplitude of t h e  f l u c t u a t i o n s  measured on t h e  c a l i b r a t i o n  cone 
and about ha l f  of t h e  va lues  measured a t  t he  porous w a l l s .  

Figure 12 i n d i c a t e s  t h e  comparison of t h e  plenum chamber t ransducer  
and the  t ransducer  bur ied  i n  t he  plenum-chamber. A s  w i th  the  s idewa l l  ca se ,  
t h e  plenum chamber f l u c t u a t i o n s  a r e  approximately one ha l f  of those obtained 
from t h e  bur ied  t ransducer .  

Figure 1 3  y i e l d s  t he  p re s su re  f l u c t u a t i o n s  measured with a Bytrex 
t ransducer  Located on t h e  t i p  of t h e  c a l i b r a t i o n  cone. Values of t he  f l u c t u -  
a t i o n  c o e f f i c i e n t  of 0.06 t o  0,020 were determined, These measurements a r e  
about two t h i r d s  of those  obta2ned on t h e  c a l r b r a t i o n  cone by t h e  K u l i t e  
t ransducer  44.  







< 

NO 4520 T I C Y Z O  ' 0  T h t  I Y C k i  















Figure  3.4 shows the  e f f e c t  of s t a g n a t i o n  p r e s s u r e  on t h e  f l u c t u a t i o n  
c o e f f i c i e n t s  o b t a i n e d  from t h e  c a l i b r a t i o n  cone a t  'Mach 0 ,75 ,  These f l u c t i l -  
a t i o n s  range  from 0.014 t o  0.028. I n c r e a s i n g  s t a g n a t i o n  pressure  i s  seen t o  
d e c r e a s e  t h e  ampl i tude of t he  f  l u c t u a t i s n  c o e f f i c i e n t s  , 
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